Molecular pathways involved in dauer formation, an alternate larval stage that allows Caenorhabditis elegans to survive adverse environmental conditions during development, also modulate longevity and metabolism. The decision to proceed with reproductive development or undergo diapause depends on food abundance, population density, and temperature. In recent years, the chemical identities of pheromone signals that modulate dauer entry have been characterized. However, signals derived from bacteria, the major source of nutrients for C. elegans, remain poorly characterized. To systematically identify bacterial components that influence dauer formation and aging in C. elegans, we utilized the individual gene deletion mutants in E. coli (K12). We identified 56 diverse E. coli deletion mutants that enhance dauer formation in an insulin-like receptor mutant (daf-2) background. We describe the mechanism of action of a bacterial mutant cyaA, that is defective in the production of cyclic AMP, which extends lifespan and enhances dauer formation through the modulation of TGF-β (daf-7) signaling in C. elegans. Our results demonstrate the importance of bacterial components in influencing developmental decisions and lifespan in C. elegans. Furthermore, we demonstrate that C. elegans is a useful model to study bacterial-host interactions.
The soil-dwelling nematode, C. elegans, assesses environmental cues including food availability, temperature, and population density 1, 2 , to determine the choice between reproduction and survival 2 . Under favorable conditions, C. elegans attains reproductive maturity, but under adverse environments, worms enter dauer diapause, a long-lived stress resistant stage 2 . There are at least two types of chemical signals that dictate this developmental decision; a) dauer pheromones, a complex mixture of small molecules called ascarosides whose levels depend on worm population density [3] [4] [5] [6] , and b) signals derived from bacteria that promote development 3 .
To detect microbial metabolites in the environment C. elegans has evolved multiple mechanisms, which allow discrimination between bacterial species that are appropriate food sources and those that are pathogenic or inferior in quality 7, 8 . The chemosensory system senses bacterial metabolites in the local environment and modulates the organismal response to signaling through conserved molecular pathways 1, 2, 9 . These include the transforming growth factor beta (TGF-β ), guanylyl cyclase, and insulin-like signaling (ILS) pathways, which ultimately converge to modulate the activity of key factors such as forkhead transcription factor (DAF-16/FOXO) [2] [3] [4] [10] [11] [12] . The activity of DAF-16 is pivotal in determining the organism's response, to either engage in reproductive growth or to enter dauer arrest state 2, 13 . Although the genetic pathways that modulate dauer formation are relatively well understood, the identities of the signals that influence dauer formation remain poorly defined. C. elegans is known to respond to signals emanating from bacteria to detect food sources 8 , and a recent report identified bacterial fatty acids as a signal that modulates recovery from the dauer stage 14 . It is likely that the worm integrates a multitude of bacterial signals through the chemosensory system to make appropriate developmental decisions which remain undiscovered.
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Dauer formation provides an easy to assess, binary readout of the type of food signals emanating from bacteria. Here we demonstrate how multiple individual gene knockouts in E. coli can influence development and survival in C. elegans. Through a systematic screen of ~4000 single gene knockout E. coli strains, we identified 56 E. coli mutants that enhanced dauer formation in a C. elegans insulin-like receptor mutant, daf-2, some of which also extended adult lifespan in control worms. One of the largest lifespan extensions was observed by feeding the bacterial mutant, cyaA (adenylate cyclase). We identify that cyaA influences TGF-β signaling to modulate dauer formation and lifespan. Our results demonstrate that the combination of bacterial and worm genetics can be a powerful tool to study bacterial-host interactions that influence nutrient signaling pathways and organismal physiology that may be relevant for host-microbiome interactions in other species.
Results
Bacterial mutants enhance dauer formation in daf-2 (e1370) mutants. To systematically study bacterial products that could act as food signals in C. elegans, we fed worms with bacterial strains from the E. coli Keio knockout library. The library consists of 3985 single-gene in-frame knockout mutants, with individual genes precisely excised and replaced with a Kanamycin resistance cassette in a K-12 BW25113 background 15 . To study the impact of bacteria on organismal physiology we screened for bacterial mutants that enhance dauer formation in a daf-2(e1370) mutant background. This worm strain carries a hypomorphic mutation in the insulin receptor ortholog gene that results in reduced flux through the ILS pathway and triggers constitutive dauer formation at high temperatures but undergoes normal development at low temperatures 12, [16] [17] [18] [19] . We carried out the screen at a semi-permissive temperature (21.5 °C), which allowed most worms on the control K-12 E. coli strain to develop to adulthood, with a small percentage entering the dauer stage. This assay created a sensitive readout to detect bacterial food signals in the diet, which influence organismal physiology detected by an increase in dauer formation in the worm.
In the primary screen, approximately 60 eggs were seeded onto plates with mutant E. coli strains and monitored for dauer formation after 4-5 days. The total number of dauers on the K-12 control strain was used as a reference and knockout strains that produced at least four more dauer animals than the control strain were marked as positive candidates and retested. This second, and more stringent, round of screening examined 150 knockout candidates in triplicate, and knockouts that at least doubled the total dauer percentage of worms developed on the K-12 control strain were scored as positive (Fig. 1a) . Using this approach, we identified 56 mutant E. coli strains that robustly enhanced entry into the dauer stage (Table 1) . PCR with gene-specific primers was performed to confirm gene deletion in the knockout mutants (Fig. S1A) . As negative controls, ten knockout strains that were not identified in the primary screen were randomly chosen and thoroughly tested for dauer formation. These strains did not show any significant alteration in the rate of dauer formation when compared to controls (Fig. S1B) .
To identify the biological pathways and cellular functions affected by the bacterial mutants that influenced dauer formation, the candidates were analyzed using PANTHER classification system 20, 21 . Out of 56 genes, 9 genes are not characterized, and the remaining 47 genes were analyzed for molecular and biological functions Fig. 1b and Fig. S1C ). The following broad molecular functional categories were identified: translation regulator activity (GO:0045182) (4 genes). binding (GO:0005488) (7 genes), structural molecule activity (GO:0005198) (1 gene), catalytic activity (GO:0003824) (17 genes), transporter activity (GO:0005215) (4 genes) (Fig. 1b) . Using the PANTHER classification system the cellular site of action of the product of these genes was identified:membrane (GO:0016020), macromolecular complex (GO:0032991), cell part (GO:0044464) and organelle (GO:0043226) (Fig. 1c) . Furthermore, the candidate genes were analyzed and assigned functional groups utilizing Clusters of Orthologous Group (COG) terms 22 and confirmed with MultiFun 23 and Gene Ontology (GO) classifications 24 . Categorization of the genes revealed the enrichment in the following functional groups: metabolism (~39%); inorganic ion transport and metabolism (~17%); translation, post-translational modification, protein turnover (~12%), and chaperones; cell envelope biogenesis and outer membrane structures (~10%); DNA replication, recombination and repair (~7%); transcription (~5%); and rest other functions (~10%) ( Table 1 and Fig. S1D ). Furthermore, several of the genes from the screen fell within functional groups and transcriptional units, e.g. operons and regulons (Fig. S1E ). Together these findings indicate that the bacterial genes with a broad range of cellular functions and processes can alter C. elegans physiology through changes in bacteria derived metabolites or nutrients.
Phenotypic analyses of bacterial mutants that enhance dauer formation for DAF-16 activation and lifespan extension. The phosphorylation cascade elicited by an activated ILS negatively regulates DAF-16 by sequestering it in the cytoplasm. Conversely, reduced ILS signaling leads to diminished phosphorylation of DAF-16, thereby allowing it to enter the nucleus and modify gene expression 25, 26 . Given the effects of the bacterial mutants on dauer formation in the daf-2 mutant, we examined whether they would also impact DAF-16 in adult animals. A majority (∼ 63%) of the bacterial mutants promoted DAF-16 nuclear localization in a worm strain expressing a DAF-16::GFP (daf-16(mgDf47)) fusion construct ( Fig. 2 and Fig. S2A ). Once DAF-16 enters the nucleus it can modulate the transcription of its targets, such as the stress-responsive superoxide dismutase, SOD-3 27 . Consistently, ~64% of the bacterial mutants also increased SOD-3p::GFP expression in an N2 control background, while ~80% of the bacterial knockouts increased sod-3 expression in the daf-2(e1370) background ( Fig. 2 and Fig. S2A ). No significant effects on sod-3 expression were noted in the 10 negative controls used previously, compared to animals fed control bacteria (data not shown). Lastly, of the 35 bacterial candidates that showed DAF-16 nuclear localization, 26 induced sod-3p::GFP in N2 background, while 32 induced GFP in the daf-2;sod3p::GFP strain (Fig. 2) . Taken together these data suggest that the majority of E. coli mutants from the screen stimulate DAF-16 translocation and/or subsequent regulation of its transcriptional targets in both the daf-2 mutant and control (N2) worms.
In addition to regulating dauer entry during development, DAF-16 exhibits transcriptional control over genes determining longevity in the adult worm 27, 28 . Thus, we assessed the effect of each bacterial strain identified in the screen on the survival of N2, daf-2, and daf-16; daf-2 strains. Feeding several of the E. coli knockout strains resulted in increased lifespan in both the daf-2 and control (N2) background. However, ~61% of the bacterial mutants significantly extended the average lifespan of daf-2 mutants compared to ~38% in the control N2 strain. (Fig. 2 , Table 2 and Fig. S2B ). These observations were similar to the results obtained with the sod-3::gfp expression ( Fig. 2) , which can potentially be explained as the screen was carried out in a sensitized daf-2 mutant background. Although most of the knockout bacteria appear to modulate lifespan in a daf-16-dependent manner (Fig. 2 and Table 2 ), some bacterial mutants (e.g. tolA, and yjbD) extended lifespan in daf-16;daf-2 mutant worms, indicating that a genetically modified diet may also affect longevity by daf-16-independent mechanisms. Several of the identified bacterial genes appear to have highly directed roles in micronutrient or metabolite production or transport (Table 1 and Fig. S1E ). For example, fepB, C, and G have roles in the iron import system. dhaH has an enzymatic role in the production of dihydroxyacetone phosphate, while srlA, yjhc, and mdoH are involved in the production of sorbitol, N-acetylneuraminic acid (sialic acid), and periplasmic glucans, respectively. One of the largest lifespan extension was observed with cyaA, which encodes adenylate cyclase that catalyzes the conversion of ATP to Adenosine 3′ ,5′ -cyclic monophosphate (cAMP) and pyrophosphate 15 . In bacteria, intracellular cAMP signaling modulates the expression of catabolic proteins with biosynthetic and ribosomal proteins according to cellular metabolic needs during exponential growth 29 . We further characterized cyaA mutant bacteria to determine the role of bacterial cAMP in modulating insulin signaling, dauer formation and lifespan in C. elegans. cAMP modulates lifespan and dauer formation in C.elegans. We examined whether the effect of cyaA mutant bacteria on dauer formation was a consequence of reduced levels of cAMP. We confirmed that cyaA gene is disrupted (Fig. S1 ) and cAMP levels were indeed reduced in cyaA mutant bacteria (Fig. 3a) . Next, we found that supplementation with 2 mM exogenous cAMP could restore levels back to those observed in K12 bacteria (Fig. 3a) . Also, we did not see any significant difference in the bacterial growth curves between cyaA mutant bacteria as compared K-12 bacteria under minimal media conditions (Fig. S3A) . The uptake of cAMP has been shown to be variable in bacteria and exhibits saturation kinetics based on the culture conditions 30 . Also, worms fed on cyaA mutant bacteria did not display any apparent adverse effects on worm physiology, as we did not observe any significant change in physiological parameters such as body size, lawn leaving behavior or pharyngeal pumping in control animals (N2) fed on cyaA mutant bacteria (Fig. S3B-G) . Furthermore, bacterial choice assays suggested that the N2 worms preferred K-12 control bacteria to cyaA and other mutant bacteria that enhance dauer formation (Fig. S3H) . Higher temperature has also been shown to enhance dauer formation 31 . We observed that at 27 °C, ~56% of N2 animals grown on cyaA bacteria formed dauers, compared with only ~20% dauers when grown on K12 bacteria (Fig. 3b, Table S1 and Fig. S4A) . However, the dauer enhancement was rescued when cyaA bacteria were supplemented with 2 mM cAMP. Next, we performed a dauer assay with daf-2(m41) mutant worms that make almost 100% dauer at semi-permissive temperature. We observed a ~20% inhibition of dauer formation on the addition of cAMP (2 mM) in daf-2(m41) mutant worms (Fig. S4B) . In lifespan experiments, N2 worms fed on cyaA mutant bacteria displayed a ~35% increase in lifespan. The addition of 2 mM cAMP to cyaA bacteria significantly suppressed the lifespan extension observed in the cyaA mutant bacteria alone (Fig. 3c , Table S2 and Fig. S4C ). Thus both the dauer and lifespan effects of cyaA mutant bacteria could be rescued by exogenous addition of cAMP.
Bacterial cyaA mutant modulates dauer formation and lifespan through TGF-β signaling and DAF-16 activation. To investigate the signaling mechanism by which cyaA mutant bacteria modulates host C. elegans physiology to enhance dauer formation and extend lifespan, we examined the gene expression changes modulated by cyaA bacteria in control animals, using microarray profiling in adult animals fed cyaA bacteria and K12 bacteria (Fig. 4a and Table S3 ). Using GoMiner high-throughput analysis, we discovered multiple enriched biological processes within our data set (Fig. S5A) . Of particular interest to us was the significant parent-child GO-term set of aging, multicellular organismal aging, and determination of adult lifespan. Comparison of changes in gene expression in the daf-2 background from previously published 32 and our own data sets with transcriptionally altered genes in cyaA, showed considerable overlap (Fig. S5B,C) . Collectively, these data suggest that feeding cyaA mutant E. coli activates DAF-16 to enhance dauer formation and extend lifespan.
We then examined the mechanism of activation of DAF-16 by measuring the expression of genes upstream of DAF-16 known to be involved in dauer formation. We observed that daf-7, a gene encoding a TGF-β -like ligand, was down-regulated in control worms grown on cyaA bacteria. To confirm this, we examined the expression of mRNA of daf-7 by RT-PCR in one-day adult control animals on cyaA mutant bacteria, compared with animals fed with K-12 or cyaA supplemented with cAMP (2 mM). DAF-7 expression was significantly reduced (~50%) on feeding animals with cyaA mutant bacteria and was rescued by addition of cAMP (2 mM) to the bacterial lawns (Fig. 4b) . We also examined DAF-7::GFP expression in the ASI chemosensory neuron in L1 and L2 when fed with cyaA mutant bacteria. We observed that cyaA mutant bacteria inhibited the expression DAF-7::GFP in L1 and L2 stage in comparison to K-12 bacteria (Fig. 4c,d) . Conversely, supplementation with 2 mM exogenous cAMP to cyaA mutant bacteria increased the expression of DAF-7 in a fraction of L1 and L2 animals (Fig. 4c,d ). These results suggest that cAMP levels in the bacteria can modulate the expression of DAF-7 in worms, which influences dauer formation and insulin signaling 33 . To further examine how cyaA mutant bacteria and cAMP modulate dauer formation we carried out epistasis analysis on C. elegans mutants using mutants in the three major pathways involved in dauer formation 16, 17, 34 . As shown in Fig. 3 dauer entry in daf-2(1370) mutants, was significantly increased when fed on cyaA mutant bacteria but was reversed by addition of exogenous cAMP. However, neither the daf-7(e1372) mutant, which is defective in TGF-β signaling nor the daf-11(m47) mutant, which has defective cyclic GMP signaling and is involved in DAF-7 secretion, showed any enhancement of dauer formation when fed on cyaA mutant bacteria (Fig. 5a-c and Table S1 ). This data supports the hypothesis that reduced bacterial cAMP enhances dauer formation by a similar mechanism as inhibition cGMP and TGF-β signaling pathways in worms.
The constitutive dauer formation phenotype of daf-7(e1372), but not daf-2(e1370), is suppressed by mutations in daf-7 downstream factors daf-3 and daf-5 2 . The introduction of either daf-3(e1376) or daf-5(e1386) into the daf-2(e1370) background prevented cyaA mutant bacteria from enhancing dauer formation (Fig. 5d-e and Table S1 ). This suggests that cyaA mutant bacteria acts through TGF-β signaling to activate DAF-16, and enhancing dauer formation. We confirmed our finding from the screen that worms fed on cyaA mutant bacteria show increased nuclear localization of DAF-16 (Fig. 5f) . Furthermore, not only was the nuclear localization of DAF-16::GFP enhanced on cyaA mutant bacteria compared with the K12 control, but it was also reversed upon supplementation of bacterial lawns with exogenous cAMP (Fig. 5f ).
Conserved molecular pathways that regulate dauer formation like Insulin/IGF-1 signaling (IIS) and TGF-β signaling pathways also regulate longevity. This also appears to be the mechanism by which cyaA bacteria extend lifespan, since cyaA bacteria did not extend lifespan in either the daf-7(e1372) or the daf-11(m47) mutant backgrounds, nor did it extend lifespan in daf-2(e1370); daf-3(e1376) or daf-2(e1370) ; daf-5(e1386) double mutant backgrounds (Fig. 6a-f and Table S2 ). Together, these data indicates that reduced bacterial cAMP acts via the TGF-β signaling pathway to enhance DAF-16 resulting in increased dauer formation and lifespan.
Discussion
The type of bacterial food source modulates C. elegans development and lifespan [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . In this study, we have screened for bacterial mutants that regulate dauer formation in C. elegans to understand the role of bacterial genes in modulating nutrient sensing pathways. We used the Keio mutant E. coli library 15 to identify individual gene knockout mutants that affect bacterial signals that enhance dauer formation in C. elegans. Genes mutated among the bacterial mutants identified in the dauer screen have varied functions (Fig. 1b) including, metabolism, translation, biogenesis of membrane and DNA replication (Fig. 1b and Table 1 ). These results suggest that bacteria act not only as a food source but also provide signals that influence nutrient signaling pathways in C. elegans. A better understanding of E. coli genes that influence these signaling pathways could give us a better understanding of complex host-bacterial relationships in other species.
In the absence of bacterial food, C. elegans show reduced rates of growth and progeny production and lifespan extension 45 . These observations can be explained by the idea that worms subjected to suboptimal nutrition or the absence of toxic or pathogenic components of bacteria, extend lifespan. Previously, different bacterial diets 10 , and bacterial metabolites like folate 36 and fatty acids 14 have been proposed to modulate lifespan. Our results identify several bacterial genes that are involved in the production or transport of various downstream metabolites to regulate dauer formation and lifespan in worms. Furthermore, we observed that the worms fed on dead bacteria show increase in dauer formation (Fig. S5D) , which suggests that viable secondary metabolites can have a profound effect on bacterial physiology that can modulate dauer formation in worms. To further examine if the cAMP-mediated dauer rescue was due to the direct uptake of cAMP by the worm, or an indirect effect on bacterial metabolism, we grew worms on UV-killed bacteria supplemented with cAMP. In these experiments, we found that there was an increase in basal dauer formation in both the K12 and cyaA controls, but that the addition of cAMP to UV-killed cyaA bacteria did not significantly reduce the dauer entry phenotype (Fig. S5D) . These experiments suggest that action of cAMP requires live bacteria to mediate its effects on dauer formation.
There are several pathways involved in dauer formation, including guanylyl cyclase, ILS, and TGF-β 2 . A critical downstream factor of some of these pathways is DAF-16 which has been shown to integrate inputs from various upstream dauer formation pathways 2, 46 . Most of the bacterial mutants that enhance dauer formation from our screen do not extend lifespan in daf-16 null mutant animals and enhance nuclear localization of DAF-16 to a variable extent (Fig. 2) . These bacterial mutants also enhance the expression of SOD-3, a direct target of DAF-16 47, 48 . These data suggest that several but not all of these bacterial mutants require DAF-16/FOXO for increased longevity and improved health span, implicating bacterial metabolites in modulating nutrient sensing signaling pathways 49 . We also identified that bacteria deficient in cyaA inhibit TGF-β signaling to enhance DAF-16/FOXO to enhance dauer formation and lifespan. Dauer assays using daf-7 and daf-11 null mutants suggests that the effects of feeding on the cyaA mutant bacteria on dauer formation require TGF-β and the guanylyl cyclase (DAF-11) expression 2, 27, 46 . DAF-11 is localized primarily in the ciliary endings of some of the amphid neurons and integrates environmental signals from G-protein coupled receptors (GPCR) 50 . As mentioned before, ILPs and DAF-7 are expressed and released primarily by neurons and ASI neurosensory cells, respectively 16 . Thus we speculate that cyaA mutant bacteria differentially impact these sensory neurons to regulate changes in dauer formation and lifespan. We speculate that this regulation may be carried out by reducing cAMP levels produced by the E. coli, resulting in changes in secondary metabolites or cAMP itself 29 . Based on our observation it appears that feeding cyaA mutant bacteria modulates DAF-11 signaling, decreasing DAF-7 neuronal expression (Fig. 7) . Further studies are required to uncover the cross talk between cyaA dependent bacterial products on C. elegans signaling pathways.
Bacterial products as part of the gut microbiome affect many biological processes such as metabolism, longevity, and health span in mammals 16, 35 . The function of some of these bacteria has been well described in several human diseases including obesity, liver diseases, metabolic syndrome, autoimmune disorders, and diabetes [51] [52] [53] . Some of these microbiome related products modulate diverse host metabolic activities resulting in pathologies related to insulin sensitivity 54, 55 . However, the mechanisms by which individual bacterial gene products interact with the host to modulate insulin signaling pathways are not known 49 . Gut microbiome's influence on biological processes has been observed across different species from insects to mammals. In this study, we describe how mono-association of bacterial mutants with C. elegans can help decipher how specific bacterial signals modulate host physiology. Thus interaction between bacteria and C. elegans can be used to understand conserved signals that are likely to play a role in host-microbiome interactions in humans which may influence diseases like Type II diabetes and obesity.
Methods
C. elegans strains and growth conditions. All strains were obtained from the Caenorhabditis Genetics Center (CGC). The strains obtained from the CGC were outcrossed 6 times to N2 (control) worms. Strains used in this manuscript from CGC are: CB1370 20 °C seeded with E. coli (K12) bacteria grown in Luria broth. For egg collection, gravid adults were soaked in hypochlorite solution as described previously 57 .
E. coli strains. E. coli mutant strains, including the parent K12 BW25113 strain, were obtained from the Keio mutant collection 15 . The strain library was shipped and stored as a frozen stock in 96-well plates. Stock plates were pin-replicated to produce a working copy plate containing Luria Broth (LB) and 25 μ g/ml kanamycin. For assays used in this study, E. coli strains were stab cultured and grown overnight with shaking at 37 °C in minimal media as described below. Overnight cultures were seeded on minimal media plates and dried at 37 °C for 12 hours prior to transfer of C. elegans.
Media. Luria broth (LB) and nematode growth media (NGM) were used to maintain stock cultures of E. coli and C. elegans strains, respectively. Minimal media was used for assays in this study as described previously 58 . Liquid media for bacterial growth contained: 0.05 M NaCl, 0.04 M NH 4 Cl, 0.01 M CaCl 2 , 0.025 M phosphate buffer, 0.4% glucose, 1 μ g /mL thiamine, and 0.001 M MgSO 4 . Minimal media plates for subsequent C. elegans experiments contained: 2% agar, 0.05 M NaCl, 0.04 M NH 4 Cl, 0.001 M CaCl 2 , 1 μ g/mL cholesterol, 0.025 M phosphate buffer, 0.4% glucose, 1 μ g/mL thiamine, and 0.001 M MgSO 4. All compounds supplemented to the agar plates for rescue experiments were purchased from Sigma-Aldrich.
PCR confirmation.
Bacterial strains for kanamycin cassette confirmation were streaked onto LB plates containing 25 μ g/ml kanamycin. Strains were colony purified, and genomic PCR was performed. The primer sets were designed for individual knockout strains around the outside of the target gene. The forward primer was designed to be within 200 bp upstream of the 5′ end, and the reverse primer was within 200 bp downstream of the 3′ end of the target gene. The thermal cycler parameters were as follows: initial 5 min at 94 °C, then 25 cycles of 30 s at 94 °C, 10 s at 56 °C, 1 min at 72 °C, and final 5 min at 72 °C. Products were run on an agarose gel and amplified products were examined for appropriate length. Representative list of primers (5′ to 3′ ). Measurement of cAMP. cAMP levels from bacterial strains and worm strains were measured using the cAMP-Glo TM assay kit purchased from Promega (Madison, WI). For bacteria, 5 ml cultures of K-12, cyaA were grown with or without the presence of cAMP (2 mM) in minimal media at 37 °C for overnight. Cells were counted in 50 μ l bacterial culture and were sonicated for complete lysis, and 5 μ l of the lysate was used to measure cAMP. The number of bacteria was counted with standard bacterial colony count protocol and the amount of cAMP in different bacteria was expressed per 10 6 bacterial cells. PBS for complete lysis. 5 μ l sample of the lysate was used for cAMP measurement, and the amount of cAMP was expressed per 200 animals.
Fluorescence Microscopy. Age-synchronized L1-stage animals carrying DAF-16::GFP integrated transgenes (daf-16(mgDf47) I) were placed on plates seeded with overnight cultures of bacterial strains as described above. Animals were grown at 15 °C for 2-3 days and then moved to 21.5 °C for one day unless otherwise noted. The fluorescent images were captured using reflected light fluorescence microscopy (Olympus IX3) and the images were then processed for densitometry analysis using ImageJ.
Lifespan assay. Late L4 larvae growing at 15 °C were transferred to fresh minimal media plates with FUdR (5 μ g/ml) added to the bacterial lawn as indicated in the results. The first day of adulthood is day 1 in survival curves. Animals were scored as alive, dead or lost every other day. Animals that failed to display touch-provoked movement were scored as dead. Animals that died from causes other than aging, such as sticking to the plate walls, internal hatching or bursting in the vulval region, were scored as lost. Animals were transferred to fresh plates and fresh E. coli every 2 days with cAMP added to have final concentration 2 mM. Plates were dried for 15 minutes at 20 °C before the worms were transferred. All lifespan experiments were performed at 21.5 °C. Survival curves were plotted, and statistical analyses (log-rank tests) were performed using Prism 4 software (Graphpad Software, Inc., San Diego, CA, USA). Statistical significance between lifespan curves was determined by p-value of < 0.05 and a mean lifespan of > 5% difference compared to the control mean as described before 32, 60 .
Behavioral assays: Pharyngeal pumping and body bends. Worms were observed using stereomicroscope at 40x magnification. Pumps per minute were counted as described previously 61 . Body bends per minute were counted as described previously 62 .
Bacterial choice assay. Age-synchronized day 1 adult worms were used. Minimal media plates were used for this assay: 2% agar, 0.05 M NaCl, 0.04 M NH 4 Cl, 0.001 M CaCl 2 , 5 μ g/mL cholesterol, 0.025 M phosphate buffer, 0.4% glucose, 1 μ g/mL thiamine, and 0.001 M MgSO 4. Overnight bacterial culture with OD 600 nm of 2.0 was spotted (30 μ l) equidistant from the center of the plate and dried for 15 minutes at 37 °C. Both K12 and mutant bacteria had approximately the same cellular density: K12 bacteria at 0.8 × 10 7 ± 1.2 × 10 7 colony-forming units (cfu) per ml and dmsC mutant bacteria at 0.7 × 10 7 ± 1.3 × 10 7 colony-forming units (cfu) per ml. Worms were washed and prepared as previously described 63 . The worms were placed in the center of the plate, and positions of the worms were observed using stereomicroscope and images taken at 15 minutes interval. Percentage of worms at each lawn at (1 hr) were plotted as a histogram.
C. elegans feeding behaviour assays. Feeding behavior was assessed based on bacteria depletion as described before 64 . Minimal media plates were used for this assay: 2% agar, 0.05 M NaCl, 0.04 M NH 4 Cl, 0.001 M CaCl 2 , 5 μ g/mL cholesterol, 0.025 M phosphate buffer, 0.4% glucose, 1 μ g/mL thiamine, and 0.001 M MgSO 4. Overnight bacterial culture with OD 600 nm of 0.8 was spotted (60 μ l) in center of the plate with streotomycin (300 ng/ml), carbenicillin & Kanamycin (50 μ g/ml), and FUdR (5 μ g/ml) and the plates were dried for 15 minutes at 37 °C. Age synchronized late L4 worms (n = 60) were washed and prepared as previously described 63, 64 and introduced on the plates. The worms were left on the plates overnight at 20 °C. Control plates with bacteria spotted as described above with no worms were also incubated at 20 °C overnight. After 24 hrs the bacteria was washed off the plates and checked for OD at 600 nm.
Lawn leaving assay. Age-synchronized day 1 adult animals (n = 20 per plate) were transferred to bacterial lawns cultured under conditions described above. Assay was performed for 5 minutes and lawn leaving events were manually counted by observing under the microscope and averaged to lawn leaving events per minute as previously described 65 .
Statistical Analysis. Microarray data analysis was performed using SPSS Professional Edition software (IBM). Descriptive statistics including mean and s.e.m. along with one-way ANOVAs followed by multiple comparison tests and two-tailed T-test were used to determine significant differences. P < 0.05 was considered significant as described before 32, 66 . For lifespan assays, log-rank tests were performed by the Prism 4 software as described before 32, 60 . Pearson product-moment correlation coefficient was calculated to measure the correlation between data sets.
